Looking for $\Lambda$ with the Rees-Sciama Effect by Crittenden, Robert G. & Turok, Neil
ar
X
iv
:a
str
o-
ph
/9
51
00
72
v1
  1
3 
O
ct
 1
99
5
PUPT-95-1569, astro-ph/9510072
Looking for Λ with the Rees-Sciama Effect
Robert G. Crittenden and Neil Turok
Joseph Henry Laboratory, Princeton University,
Princeton NJ, 08544.
(10/12/95)
Abstract
In models with a cosmological constant, a significant component of the large
scale cosmic microwave background (CMB) anisotropy is produced at rather
low redshifts, z <∼ 1. In these models, the gravitational potential pertur-
bations begin to evolve at late times. Photons passing through these time
varying potentials aquire frequency shifts, an effect first noted by Rees and
Sciama. Since the gravitational potential is associated with matter at observ-
able redshifts, the local matter density (or some tracer thereof) is correlated
with the CMB anisotropy on the sky. We outline the optimal method of mea-
suring this correlation, and discuss the prospects for using an X-ray/COBE
comparison to detect a cosmological constant.
I. INTRODUCTION
The idea of a cosmological constant (Λ) has been a recurring one ever since Einstein first
proposed it [1]. Recent motivations for a non-zero Λ include easing the ‘age crisis,’ reconciling
dynamical measures of the matter density with prejudices for flatness and increasing the
power in large scale perturbations [2]. But rather than simply introducing another free
1
parameter, it is more interesting to ask whether there are specific observational signals that
could confirm or refute the hypothesis of a nonzero Λ.
We propose one such test here, which uses the fact that a Λ term causes the Newtonian
potential Φ to start evolving at late times, producing a significant amout of CMB anisotropy
[3]. Since Λ comes to dominate rather suddenly, this effect is most important at rather
modest redshifts. But if observations of the density field allow us to reconstruct the local
potential, then this should be correlated with the microwave sky. Measuring this correlation
thus would constrain Λ.
The strongest present observational constraint on Λ is that from gravitational lensing,
which results from the fact that if there were a large cosmological constant, then lensing
events would be seen more frequently than they are. The handful of lensing events that have
been observed constrain the fraction of the critical density contributed by Λ to be, ΩΛ < 0.7
[4]. This constraint, however, is sensitive to how well the mass distributions of early type
galaxies are modeled and relies on the assumption that no lensing events are obscured by
dust. Other probes of Λ, such as measurements of the deceleration parameter q0, give weaker
constraints [5]. Whether our test becomes competitive with these remains to be seen, but
the types of biases in the various tests are so different that it is worth exploring them all.
II. R-S EFFECT
In the approximation of instantanous recombination, the microwave anisotropy in a di-
rection n on the sky is given by the formula
δT
T
(n) = [
1
4
δγ + v · n+ Φ]
f
i + 2
∫ f
i
dτ Φ˙(τ,n(τ0 − τ)). (1)
The integral is over the conformal time τ , τf = τ0 being today and τi being recombination.
The first term represents the perturbations on the surface of last scattering, namely the
perturbation to the density of the radiation-baryon fluid (δγ), the Doppler term (v · n),
and the Newtonian potential. The second term, usually called the Integrated Sachs-Wolfe
2
(ISW) term, represents the effect of a time varying gravitional potential along the line of
sight. Heuristically, it represents the red shifting of photons which must ‘climb out’ of a
different potential than they ‘fell into’. This is called the Rees-Sciama effect [6].
In a flat, matter dominated universe, with linear growing density perturbations, Φ is
constant and there is no Rees-Sciama effect. Nonlinear gravitational collapse does lead to
anisotropies on very small angular scales, but of small amplitude [7]. In a universe with a
signifcant cosmological constant, however, Φ becomes time dependent even in linear theory
and an appreciable amount of anisotropy can be created at quite modest redshifts.
As Λ increases, it comes to dominate the energy density at earlier and earlier redshifts.
The effect on the evolution of the potential is thus more pronounced, as is the corresponding
anisotropy generated at late times. For smaller values of Λ the opposite is true; the correlated
anisotropy is less, but it is more concentrated at very late epochs. As an aside, we should
note that the Λ also has an indirect effect on the degree scale anisotropy, because in a
flat universe the presence of Λ alters the matter-radiation balance at last scattering. In
contrast, the large scale Rees-Sciama effect is independent of physics at high redshifts (e.g.
reionization).
To quantify this, we expand the sky temperature in the usual spherical harmonics
δT
T
(n) ≡
∑
l,m
almYlm(θ, φ), (2)
where in an isotropic ensemble the alm obey 〈almal′m′〉 = δll′δmm′Cl with Cl the angular
power spectrum. An idea of how much anisotropy is produced from the late time evolution
of Φ is obtained by computing the contribution to each Cl by the ISW integral prior to some
redshift zc. This is shown in Figure 1. From this we see that a significant fraction of the
Cl’s at low l are produced at z <∼ 1.
III. CORRELATION WITH DENSITY
Since part of the CMB anisotropy is associated with the gravitational potential at low red-
shift, it must be correlated with the matter distribution in our vicinity. The gravitational po-
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FIG. 1. The large scale anisotropy power spectrum, Cl = 〈|alm|
2〉, for a model with ΩΛ = 0.8
and h = 0.7. Also shown is the anisotropy that is produced prior to a given red shift, for z = 0.5, 1,
and 2. A significant portion of the anisotropy is produced rather recently.
tential is determined from the matter distribution by Poisson’s equation∇2Φ = 4piGa2δMρM ,
where δM is the fractional density perturbation in the matter and ρM is the background mat-
ter density.
It is convenient to treat this in Fourier space, so that for example Φ(x, τ) =
∑
kΦ(k, τ)e
ik·x, and also to refer the density perturbation to the present time τ0. In the
matter dominated epoch, all k modes grow at the same rate, and from Poisson’s equation
one infers that Φ(k, τ) = g(τ)δM(k, τ0)/k
2, where g(τ) is independent of k. Inserting this in
relation (1), and expanding the plane wave in spherical Bessel functions one finds
aRSlm = 8pii
l
∑
k
Y ∗lm(Ωk)
δM(k, τ0)
k2
∫
dτ g˙(τ)jl(k∆τ), (3)
where ∆τ = τ0− τ . This equation has a simple interpretation in real space: it says that the
R-S contribution to alm comes from convolving the matter density δM(x, τ0) perturbation
in our vicinity with a spatial weighting function fl(r)Y
∗
lm(Ωx). That is, if we substitute the
inverse Fourier transform, we find
aRSlm =
∫
d3xfl(r)δM(x, τ0)Y
∗
lm(Ωx), (4)
4
where
fl(r) =
∫
dτ g˙(τ)
∫ dk
pi2
jl(kr)jl(k∆τ). (5)
The integral is straightforwardly performed, with the result that
fl(r) =
22l
pi(2l + 1)
∫
dτ g˙(τ)
(r∆τ)l
(r +∆τ + |r −∆τ |)2l+1
. (6)
Equations (5) and (6) tell one how to compute the Rees-Sciama contribution to each alm.
The asymptotics of f are easily read off: as r → 0, f → const, and as r →∞, f ∼ r−(l+1).
More importantly, fl(r) is reasonably described by a very simple approximation: for large
l (we shall only be interested in l > 2) the second term in the integral is approximately a
delta function δ(∆τ − r), and the integral is approximately
fl(r) ≃
1
2pil(l + 1)
g˙(τ0 − r), (7)
i.e., it is proportional to the rate of change of the local gravitational potential. We have
checked that this is a reasonable approximation down to l = 2. Figure 2 shows g˙(z) =
g˙(τ0−τ(z)) for a range of values for Λ. Note that fl(r) is independent of the power spectrum
of primordial density perturbations. The only assumption needed is that the perturbations
are in the pure growing mode.
The observed alm’s will differ from the Rees-Sciama result, however, because a signifi-
cant component of the observed anisotropy is produced on the last scattering surface. The
latter acts to obscure the correlation between the observed anisotropy and the local density
fluctuations. What sort of signal-to-noise may we ultimately expect in the cross correlation
of the density and anisotropy, given that we are limited by cosmic variance?
Let us begin with the most optimistic assumption, that we have a complete survey of some
tracer of the matter distribution, deep enough to see all redshifts where the cosmological
constant was significant. We wish to compare the hypothesis that the aRSlm ’s defined by eq.
(4) are correlated with the observed alm’s as predicted by the Λ models, with the hypothesis
that they are not correlated at all. The relative likelihood of the two hypotheses can be
5
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FIG. 2. The ideal filter function, g˙(z), as a function of red shift. Even for very large Λ,
significant contributions result from low redshift, though contributions begin at higher redshifts.
computed for any given data set; if the correlations are real, then the expected value of this
is
P =
∏
l,m
(
1−
〈aRSlm a
tot∗
lm 〉
2
CRSl C
tot
l
)
−1
. (8)
(For a set of independent observables, P is the product of the individual P’s). Defining the
signal to noise ratio as ln(P) we infer that
(
S
N
)2
≡ lnP ≥
∑
l
(2l + 1)
〈aRSlm a
tot∗
lm 〉
2
CRSl C
tot
l
. (9)
This sum converges quickly beyond l ∼ 50, yielding S/N ≥ 5.5, 7.4, and 7.9 for ΩΛ = .6, .8,
and .9 respectively. Figure 3 shows the contribution to this sum as a function of l. Note that
the Rees-Sciama contribution is almost uncorrelated with the remainder of the anisotropy,
so that 〈aRSlm a
tot∗
lm 〉 ≈ C
RS
l .
Realistic surveys, however, are not likely to probe the density this deeply. For a survey
which is less than ideal, we can get some feel for the loss in signal by considering the case
where the convolution function, fl(r), is the ideal one out to some cutoff red shift, zc, and
zero beyond. The signal to noise ratio in the correlation for a given multipole is then
6
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FIG. 3. We plot the signal to noise squared as a function of l, where the area under the curve
represents the contribution for a given logarithmic interval.
S
N
part
≥
〈apartlm a
tot∗
lm 〉√
Cpartl C
tot
l
≈
〈apartlm a
RS∗
lm 〉√
Cpartl C
RS
l
S
N
ideal
. (10)
The suppression factor is given by
〈apartlm a
RS∗
lm 〉√
Cpartl C
RS
l
=
∫
k2dkfl(k)f˜l(k)Pk√∫
k2dkfl(k)2Pk
∫
k2dkf˜l(k)2Pk
(11)
where,
fl(k) =
∫
r2drjl(kr)g˙(r) f˜l(k) =
∫ zc
0
r2drjl(kr)g˙(r) (12)
and Pk ≡ 〈|δM(k, τ0)|
2〉. We have performed these integrals numerically and find that the
result is very weakly dependent on l. The resulting suppression factor for l = 10 as a function
of the redshift is shown in Figure 4. As can be seen, there is a substantial signal even when
the survey is cut off at rather modest zc.
IV. RESULTS
To predict the aRSlm , one requires a measure of the density contrast δM in our vicinity.
Traditionally, it is assumed that this is at least roughly proportional to the fluctuation in
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FIG. 4. We plot the reduction of the signal to noise ratio if the density survey is cut off beyond
a given redshift.
the number density n(x) of galaxies (or other tracers): (δn/n¯) = b(δρ/ρ¯) where b is a ‘bias’
factor which could depend on redshift. The dimensionless cross correlation between the R-S
anisotropy level predicted from a survey of mass tracers and the detected CMB anisotropy,
i.e. 〈apredlm a
det
lm 〉/
√
Cpredl C
det
l , is independent of b if b is constant, but it does depend on the
variation of b with redshift. However, the net effect is to alter the effective window function
fl(z), and we have seen that the cross correlation is fairly insensitive to this. A real data
analysis could set limits on the variation of b(z) and on Λ, and might be used to determine
the magnitude of b, should a correlation be found.
It would be very interesting to cross correlate the ROSAT all-sky X-ray survey with
the COBE anisotropy measurement. The X-rays with energies of order a keV appear to
be consistent with a simple model in which they are all produced by active galactic nuclei
(Seyfert galaxies and quasars). Surveys of five deep fields to find these AGNs indicate that
their distribution in redshift (i.e. dN¯/dz) is approximately flat for .5 < z < 2 and cuts off
rapidly thereafter [8], so they do indeed sample the redshift range of interest. To estimate the
expected correlation, however, we need to translate this into an effective weighting function
fl(r).
8
At any frequency, the intensity of the X-ray sky in a given direction is ι(n) =
∫
F(z)dN(rn, z) , where F(z) is the mean flux from a source at redshift z and dN(rn, z)
is the number of sources in the redshift interval [z, z + dz]. (Here r = τ0 − τ(z).) We can
express dN as, dN(rn, z) = dN¯(1 + b(z)δM (rn, z)), where dN¯ is the mean value of dN . We
then obtain
δι(n) =
∫
dz
dN¯
dz
F(z)b(z)D(z)δM (rn, z = 0), (13)
where D(z) is the matter growth factor normalized to unity today. Comparing this with
equation (4), we can identify
r2fl(r) ∝ b(z)
dz
dτ
dN¯
dz
D(z)F(z), (14)
thus giving us an expression for the actual experimental weighting function. Using a simple
fit to the dN¯/dz given in [8], and the naive assumptions that b(z) and F(z) are constant,
we find a suppression factor of ∼ 0.8 for an ΩΛ = 0.8 universe. Barring other sources of
noise, a substantial signal should be visible in the COBE-ROSAT correlation, at least for
this model.
Very recently the large angular scale fluctuations in the ROSAT survey have been studied,
with the finding that there is a significant autocorrelation on scales θ < 6o [9]. (It is argued
that this could be accounted for if ∼ 30 % of the X-ray background fluctuations were due to
a new class of X-ray sources in Abell clusters). Unfortunately, the effect we are discussing
would be most visible on scales larger than this; but even if the autocorrelation of the ROSAT
survey is statistically insignificant on these scales, it is possible that the cross-correlation
with COBE is still significant (just as was the case for the FIRS experiment [10]).
In closing, we wish to emphasize that a correlation between the local density perturba-
tions and the CMB anisotropy should exist in most cosmological models to some degree.
The time independence of the Newtonian potential in the flat matter dominated universe is
very much a special case. In particular we expect a similar effect in spatially open universes
and in models with cosmic defects.
9
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ect
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In models with a cosmological constant, a signicant component of the large scale cosmic microwave
background (CMB) anisotropy is produced at rather low redshifts, z
<

1. In these models, the grav-
itational potential perturbations begin to evolve at late times. Photons passing through these time
varying potentials aquire frequency shifts, an eect rst noted by Rees and Sciama. Since the gravi-
tational potential is associated with matter at observable redshifts, the local matter density (or some
tracer thereof) is correlated with the CMB anisotropy on the sky. We outline the optimal method
of measuring this correlation, and discuss the prospects for using an X-ray/COBE comparison to
detect a cosmological constant.
The idea of a cosmological constant () has been a re-
curring one ever since Einstein rst proposed it [1]. Re-
cent motivations for a non-zero  include easing the `age
crisis,' reconciling dynamical measures of the matter den-
sity with prejudices for atness and increasing the power
in large scale perturbations [2]. But rather than simply
introducing another free parameter, it is more interest-
ing to ask whether there are specic observational signals
that could conrm or refute the hypothesis of a nonzero
.
We propose one such test here, which uses the fact
that a  term causes the Newtonian potential  to start
evolving at late times, producing a signicant amout of
CMB anisotropy [3]. Since  comes to dominate rather
suddenly, this eect is most important at rather modest
redshifts. But if observations of the density eld allow
us to reconstruct the local potential, then this should
be correlated with the microwave sky. Measuring this
correlation thus would constrain .
The strongest present observational constraint on 
is that from gravitational lensing, which results from the
fact that if there were a large cosmological constant, then
lensing events would be seen more frequently than they
are. The handful of lensing events that have been ob-
served constrain the fraction of the critical density con-
tributed by  to be, 


< 0:7 [4]. This constraint, how-
ever, is sensitive to how well the mass distributions of
early type galaxies are modeled and relies on the assump-
tion that no lensing events are obscured by dust. Other
probes of , such as measurements of the deceleration
parameter q
0
, give weaker constraints [5]. Whether our
test becomes competitive with these remains to be seen,
but the types of biases in the various tests are so dierent
that it is worth exploring them all.
In the approximation of instantanous recombination,
the microwave anisotropy in a direction n on the sky is
given by the formula
T
T
(n) =

1
4


+ v n+ 

f
i
+ 2
Z
f
i
d
_
(;n(
0
   )):
(1)
The integral is over the conformal time  , 
f
= 
0
being
today and 
i
being recombination. The rst term repre-
sents the perturbations on the surface of last scattering,
namely the perturbation to the density of the radiation-
baryon uid (

), the Doppler term (v n), and the New-
tonian potential. The second term, usually called the In-
tegrated Sachs-Wolfe (ISW) term, represents the eect
of a time varying gravitional potential along the line of
sight. Heuristically, it represents the red shifting of pho-
tons which must `climb out' of a dierent potential than
they `fell into'. This is called the Rees-Sciama eect [6].
In a at, matter dominated universe, with linear grow-
ing density perturbations,  is constant and there is no
Rees-Sciama eect. Nonlinear gravitational collapse does
lead to anisotropies on very small angular scales, but
of small amplitude [7]. In a universe with a signifcant
cosmological constant, however,  becomes time depen-
dent even in linear theory and an appreciable amount of
anisotropy can be created at quite modest redshifts.
As  increases, it comes to dominate the energy den-
sity at earlier and earlier redshifts. The eect on the
evolution of the potential is thus more pronounced, as
is the corresponding anisotropy generated at late times.
For smaller values of  the opposite is true; the correlated
anisotropy is less, but it is more concentrated at very late
epochs. As an aside, we should note that the  also has
an indirect eect on the degree scale anisotropy, because
in a at universe the presence of  alters the matter-
radiation balance at last scattering. In contrast, the large
scale Rees-Sciama eect is independent of physics at high
redshifts (e.g. reionization).
To quantify this, we expand the sky temperature in
the usual spherical harmonics
T
T
(n) 
X
l;m
a
lm
Y
lm
(; ); (2)
where in an isotropic ensemble the a
lm
obey ha
lm
a
l
0
m
0
i =

ll
0

mm
0
C
l
with C
l
the angular power spectrum. An idea
of how much anisotropy is produced from the late time
evolution of  is obtained by computing the contribution
to each C
l
by the ISW integral prior to some redshift
1
zc
. This is shown in Figure 1. From this we see that a
signicant fraction of the C
l
's at low l are produced at
z
<

1.
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FIG. 1. The large scale anisotropy power spectrum,
C
l
= hja
lm
j
2
i, for a model with 


= 0:8 and h = 0:7. Also
shown is the anisotropy that is produced prior to a given
red shift, for z = 0:5; 1; and 2. A signicant portion of the
anisotropy is produced rather recently.
Since part of the CMB anisotropy is associated with
the gravitational potential at low redshift, it must be cor-
related with the matter distribution in our vicinity. The
gravitational potential is determined from the matter dis-
tribution by Poisson's equation r
2
 = 4Ga
2

M

M
,
where 
M
is the fractional density perturbation in the
matter and 
M
is the background matter density.
It is convenient to treat this in Fourier space, so that
for example (x;  ) =
P
k
(k;  )e
ikx
, and also to re-
fer the density perturbation to the present time 
0
. In
the matter dominated epoch, all k modes grow at the
same rate, and from Poisson's equation one infers that
(k;  ) = g( )
M
(k; 
0
)=k
2
, where g( ) is independent
of k. Inserting this in relation (1), and expanding the
plane wave in spherical Bessel functions one nds
a
RS
lm
= 8i
l
X
k
Y

lm
(

k
)

M
(k; 
0
)
k
2
Z
d _g( )j
l
(k ); (3)
where  = 
0
   . This equation has a simple interpre-
tation in real space: it says that the R-S contribution to
a
lm
comes from convolving the matter density 
M
(x; 
0
)
perturbation in our vicinity with a spatial weighting func-
tion f
l
(r)Y

lm
(

x
). That is, if we substitute the inverse
Fourier transform, we nd
a
RS
lm
=
Z
d
3
xf
l
(r)
M
(x; 
0
)Y

lm
(

x
); (4)
where
f
l
(r) =
Z
d _g( )
Z
dk

2
j
l
(kr)j
l
(k ): (5)
The integral is straightforwardly performed, with the
result that
f
l
(r) =
2
2l
(2l + 1)
Z
d _g( )
(r )
l
(r + + jr  j)
2l+1
:
(6)
Equations (5) and (6) tell one how to compute the Rees-
Sciama contribution to each a
lm
. The asymptotics of f
are easily read o: as r ! 0, f ! const, and as r !
1, f  r
 (l+1)
. More importantly, f
l
(r) is reasonably
described by a very simple approximation: for large l (we
shall only be interested in l > 2) the second term in the
integral is approximately a delta function (   r), and
the integral is approximately
f
l
(r) '
1
2l(l + 1)
_g(
0
  r); (7)
i.e., it is proportional to the rate of change of the local
gravitational potential. We have checked that this is a
reasonable approximation down to l = 2. Figure 2 shows
_g(z) = _g(
0
   (z)) for a range of values for . Note that
f
l
(r) is independent of the power spectrum of primordial
density perturbations. The only assumption needed is
that the perturbations are in the pure growing mode.
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FIG. 2. The ideal lter function, _g(z), as a function of red
shift. Even for very large , signicant contributions result
from low redshift, though contributions begin at higher red-
shifts.
The observed a
lm
's will dier from the Rees-Sciama re-
sult, however, because a signicant component of the ob-
served anisotropy is produced on the last scattering sur-
face. The latter acts to obscure the correlation between
2
the observed anisotropy and the local density uctua-
tions. What sort of signal-to-noise may we ultimately ex-
pect in the cross correlation of the density and anisotropy,
given that we are limited by cosmic variance?
Let us begin with the most optimistic assumption, that
we have a complete survey of some tracer of the matter
distribution, deep enough to see all redshifts where the
cosmological constant was signicant. We wish to com-
pare the hypothesis that the a
RS
lm
's dened by eq. (4) are
correlated with the observed a
lm
's as predicted by the 
models, with the hypothesis that they are not correlated
at all. The relative likelihood of the two hypotheses can
be computed for any given data set; if the correlations
are real, then the expected value of this is
P =
Y
l;m

1 
ha
RS
lm
a
tot
lm
i
2
C
RS
l
C
tot
l

 1
: (8)
(For a set of independent observables, P is the product
of the individual P's). Dening the signal to noise ratio
as ln(P) we infer that

S
N

2
 lnP 
X
l
(2l + 1)
ha
RS
lm
a
tot
lm
i
2
C
RS
l
C
tot
l
: (9)
This sum converges quickly beyond l  50, yielding
S=N  5:5; 7:4; and 7:9 for 


= :6; :8; and :9 respec-
tively. Figure 3 shows the contribution to this sum as a
function of l. Note that the Rees-Sciama contribution is
almost uncorrelated with the remainder of the anisotropy,
so that ha
RS
lm
a
tot
lm
i  C
RS
l
.
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FIG. 3. We plot the signal to noise squared as a function of
l, where the area under the curve represents the contribution
for a given logarithmic interval.
Realistic surveys, however, are not likely to probe the
density this deeply. For a survey which is less than ideal,
we can get some feel for the loss in signal by considering
the case where the convolution function, f
l
(r), is the ideal
one out to some cuto red shift, z
c
, and zero beyond.
The signal to noise ratio in the correlation for a given
multipole is then
S
N
part

ha
part
lm
a
tot
lm
i
q
C
part
l
C
tot
l

ha
part
lm
a
RS
lm
i
q
C
part
l
C
RS
l
S
N
ideal
: (10)
The suppression factor is given by
ha
part
lm
a
RS
lm
i
q
C
part
l
C
RS
l
=
R
k
2
dkf
l
(k)
~
f
l
(k)P
k
q
R
k
2
dkf
l
(k)
2
P
k
R
k
2
dk
~
f
l
(k)
2
P
k
(11)
where,
f
l
(k) =
Z
r
2
drj
l
(kr) _g(r)
~
f
l
(k) =
Z
z
c
0
r
2
drj
l
(kr) _g(r)
(12)
and P
k
 hj
M
(k; 
0
)j
2
i. We have performed these inte-
grals numerically and nd that the result is very weakly
dependent on l. The resulting suppression factor for
l = 10 as a function of the redshift is shown in Figure 4.
As can be seen, there is a substantial signal even when
the survey is cut o at rather modest z
c
.
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FIG. 4. We plot the reduction of the signal to noise ratio
if the density survey is cut o beyond a given redshift.
To predict the a
RS
lm
, one requires a measure of the den-
sity contrast 
M
in our vicinity. Traditionally, it is as-
sumed that this is at least roughly proportional to the
uctuation in the number density n(x) of galaxies (or
other tracers): (n=n) = b(=) where b is a `bias' fac-
tor which could depend on redshift. The dimensionless
3
cross correlation between the R-S anisotropy level pre-
dicted from a survey of mass tracers and the detected
CMB anisotropy, i.e. ha
pred
lm
a
det
lm
i=
q
C
pred
l
C
det
l
, is inde-
pendent of b if b is constant, but it does depend on the
variation of b with redshift. However, the net eect is
to alter the eective window function f
l
(z), and we have
seen that the cross correlation is fairly insensitive to this.
A real data analysis could set limits on the variation of
b(z) and on , and might be used to determine the mag-
nitude of b, should a correlation be found.
It would be very interesting to cross correlate the
ROSAT all-sky X-ray survey with the COBE anisotropy
measurement. The X-rays with energies of order a keV
appear to be consistent with a simple model in which
they are all produced by active galactic nuclei (Seyfert
galaxies and quasars). Surveys of ve deep elds to nd
these AGNs indicate that their distribution in redshift
(i.e. d

N=dz) is approximately at for :5 < z < 2 and
cuts o rapidly thereafter [8], so they do indeed sample
the redshift range of interest. To estimate the expected
correlation, however, we need to translate this into an
eective weighting function f
l
(r).
At any frequency, the intensity of the X-ray sky in a
given direction is (n) =
R
F(z)dN (rn; z) , where F(z) is
the mean ux from a source at redshift z and dN (rn; z)
is the number of sources in the redshift interval [z; z+dz].
(Here r = 
0
  (z).) We can express dN as, dN (rn; z) =
d

N(1 + b(z)
M
(rn; z)), where d

N is the mean value of
dN . We then obtain
(n) =
Z
dz
d

N
dz
F(z)b(z)D(z)
M
(rn; z = 0); (13)
where D(z) is the matter growth factor normalized to
unity today. Comparing this with equation (4), we can
identify
r
2
f
l
(r) / b(z)
dz
d
d

N
dz
D(z)F(z); (14)
thus giving us an expression for the actual experimental
weighting function. Using a simple t to the d

N=dz given
in [8], and the naive assumptions that b(z) and F(z) are
constant, we nd a suppression factor of  0:8 for an



= 0:8 universe. Barring other sources of noise, a
substantial signal should be visible in the COBE-ROSAT
correlation, at least for this model.
Very recently the large angular scale uctuations in the
ROSAT survey have been studied, with the nding that
there is a signicant autocorrelation on scales  < 6
o
[9].
(It is argued that this could be accounted for if  30
% of the X-ray background uctuations were due to a
new class of X-ray sources in Abell clusters). Unfortu-
nately, the eect we are discussing would be most visible
on scales larger than this; but even if the autocorrela-
tion of the ROSAT survey is statistically insignicant on
these scales, it is possible that the cross-correlation with
COBE is still signicant (just as was the case for the
FIRS experiment [10]).
In closing, we wish to emphasize that a correlation
between the local density perturbations and the CMB
anisotropy should exist in most cosmological models to
some degree. The time independence of the Newtonian
potential in the at matter dominated universe is very
much a special case. In particular we expect a similar ef-
fect in spatially open universes and in models with cosmic
defects.
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